A growing body of research has demonstrated that individuals who live in neighborhoods with more severe socioeconomic deprivation may have higher risks for colorectal cancer (CRC). However, previous studies have examined neighborhood socioeconomic status (SES) at only 1 point in time, and it is unclear whether changes in neighborhood SES also can influence the risks of CRC. METHODS: Cox regression analysis was used to examine different trajectories of change in neighborhood SES over 10 years in relation to the incidence of CRC among 266,804 participants (ages 51-70 years) in the National Institutes of Health-AARP Diet and Health Study. Eligible participants reported living in the same neighborhood at baseline (1995)(1996) and from 2004 to 2006 according to a follow-up questionnaire. Changes in neighborhood SES were measured between 1990 and 2000 by SES indices derived from Census data. Neighborhoods were grouped into 4 categories based on median SES indices in 1990 and 2000 (low-low, low-high, high-low, and high-high). RESULTS: Compared with residents whose neighborhoods were in the higher SES group at both time points (reference category), those whose neighborhoods were consistently in the low SES group had a 7% higher risk of developing CRC (hazard ratio, 1.07; 95% confidence interval, 1.00-1.14). Moreover, the risk of CRC was 15% higher (hazard ratio, 1.15; 95% confidence interval, 1.02-1.28) for those living in neighborhoods with decreasing SES (high-low) over time. CONCLUSIONS: The current findings suggest that exposure to consistently low SES neighborhoods and/or a decrease in neighborhood SES over a period of time may be associated with higher risks of CRC. Cancer 2019;125:610-617.
INTRODUCTION
Although the overall incidence for colorectal cancer (CRC) has been declining for several decades, it remains the third most common cancer in both men and women and the second leading cause of cancer death in the United States. In 2018, it is projected that there will be 140,250 new cases of CRC and an estimated 50,630 deaths from the disease. 1 In recent decades, there has been growing interest in understanding the impact of neighborhood socioeconomic status (SES) on health and health disparities, including the risk of developing CRC. [2] [3] [4] [5] Findings from earlier studies in 3 large cohorts (the Nurses' Health Study, the Black Women's Health Study, and the National Institutes of Health [NIH]-AARP Diet and Health Study) have suggested that living in lower SES neighborhoods was associated with a higher incidence of cancer, including CRC. [6] [7] [8] However, to the best of our knowledge, no study to date has examined long-term changes in neighborhood SES in relation to CRC risk.
Long-term trajectories of neighborhood exposure may have a unique impact on health outcomes. Previous studies have suggested that long-term trajectories of neighborhood SES may be stronger predictors of health disparities than single-time measures. 9, 10 Moreover, several previous studies have linked long-term trajectories or changes in neighborhood conditions with CRC risk factors. For example, an improvement in neighborhood safety was linked to a decrease in body-mass index (BMI), 11 and loss of neighborhood supermarkets was related to worsening glycemic control. 12 Several studies have suggested indirectly that improved neighborhood environment, such as an improved physical environment or exposure to a better socioeconomic environment after moving, may affect BMI. [13] [14] [15] Therefore, it is plausible to hypothesize that changes in neighborhood conditions may play a role in CRC risk.
Cancer February 15, 2019 Additional longitudinal studies are needed to focus on changes in exposure to neighborhood SES, because such studies may help better characterize health disparities in the population and identify vulnerable groups that are at high risk of adverse health outcomes. Moreover, longitudinal research may provide evidence in support of interventions to reduce health disparities.
The objective of the current study was to investigate the association between changes in neighborhood SES and the incidence of CRC. By using a large cohort of middle-aged to elderly men and women from multiple states in the nation who lived in the same neighborhood during the study period, we examined 10-year trajectories of neighborhood SES in relation to CRC incidence over 11 years of follow-up. We hypothesized that, compared with individuals living in long-term high SES neighborhoods, those living in neighborhoods with long-term low SES or decreasing SES would have a higher risk of developing CRC. In addition, we hypothesized that those living in neighborhoods with increasing SES would have a lower risk of developing CRC.
MATERIALS AND METHODS

Study Population
Participants were from the NIH-AARP Diet and Health Study, which was established in 1995 and 1996 by recruiting AARP members (ages 50-71 years) residing in 1 of 6 US states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and 2 metropolitan areas (Atlanta, Georgia and Detroit, Michigan). Details of the study have been previously described. 16 The study was approved by the National Cancer Institute Special Studies Institutional Review Board.
On the basis of information from the baseline and the follow-up (2004) (2005) (2006) questionnaires, we focused our study on participants who reported living in the same neighborhood. Residential addresses were reported at baseline and, since then, have been regularly updated using the National Change of Address database. In 2004, to prepare for mailing a follow-up questionnaire, a list of the most up-to-date addresses was constructed for the entire cohort, including those who died before 2004. To determine moving status, we compared the addresses in 2004 with those at baseline and defined nonmovers as those whose 2004 address was within 1 kilometer from their baseline address. Of the 566,398 participants who satisfactorily completed the baseline questionnaire, 303,174 met these criteria and were eligible for the current study. Of those, we further excluded participants who died or developed cancer before 2000 (n = 34,150) or those whose cancer diagnosis was not confirmed in the cancer registry (n = 8737). The final analytic cohort included 160,210 men and 106,594 women. An outline of the study design is presented in Figure 1 .
Neighborhood SES
Participants' addresses were geocoded to latitude/longitude and linked to the 1990 and 2000 US census tracts. In total, 17,850 census tracts were included in our study. We generated an empirical index of neighborhood SES for both census time points using the procedure developed by Messer et al 17 and Major et al. 18 In brief, 14 census tract variables that were presented in both 1990 and 2000 were selected. These variables were related to 7 components of the neighborhood environment, including age, education, employment status, housing characteristics, residential stability, poverty, and racial composition. Cancer February 15, 2019 Principal component analysis (PCA) stratified by state was used to evaluate these variables, and we retained variables that consistently had high loadings across states and in both census years. More specifically, a variable was retained when at least 1 loading was in the upper 20% of all 224 variable loadings (>0.33), with no loading lower than 90% (<0.06). Six variables were retained for the final analysis, including the total percentage of participants with less than a high school education, the total percentage unemployed, the percentage of households with income below poverty, the percentage of households with an income <$22,500 (1990) or <$30,000 (2000), the percentage of households on public assistance, and the percentage of households with no car. By using the retained variables, we re-ran the PCA for both cohorts in 1990 and 2000, respectively. We then used the final item loadings to weight the contribution of each of the 6 variables and derive the neighborhood SES index for the included census tracts.
To characterize the trajectories of neighborhood conditions, we used median-split values in both 1990 and 2000 based on the index to define low (<median) and high (≥median) neighborhood SES. We further classified the census tracts into 4 categories: 1) long-term high neighborhood SES (SES index ≥ median in both 1990 and 2000), 2) a decrease in neighborhood SES (SES index ≥ median in 1990 and SES index < median in 2000), 3) an increase in neighborhood SES (SES index < median in 1990 and ≥ median in 2000); and 4) long-term low neighborhood SES (SES index < median in both 1990 and 2000).
CRC Ascertainment
Cancer incidence was determined using cancer registry databases from the original 8 locations and additional databases from 3 states (Arizona, Nevada, and Texas). The data obtained included information such as cancer diagnosed, diagnosis date, morphology code, tumor grade, and disease stage. To maintain temporal sequence between the SES exposure and CRC risk, for the current analysis, we examined CRC incidence between January 1, 2000 and the end of 2011. New CRC cases and dates of diagnoses were obtained from participating state tumor registries using codes C180 through C189, C199, and C209 from the third edition of the International Classification of Diseases for Oncology. A previous validation study demonstrated that approximately 90% of cancers were identified through registry linkage. 19 
Statistical Analysis
Multivariable-adjusted hazard ratios (HRs) and 2-sided 95% confidence intervals (CIs) were calculated using Cox proportional-hazards models with the SAS PROC PHREG procedure (SAS version 9.3; SAS Institute, Cary, NC). Cox proportional-hazard models (without prescribed frailties) yield almost identical results as in frailty models for this cohort, as demonstrated in an earlier study. 20 Person-years were calculated from January 1, 2000 to the date of cancer diagnosis, relocation from the registry areas, death, or the end of the follow-up (December 31, 2011), whichever occurred first. Clustering across census tracts was accounted for by using robust variance estimation to determine the standard error. 21 In all of our models, we adjusted for potential confounders, including demographic characteristics (age, sex, marital status, and race/ethnicity) and education as an individual-level SES indicator. State of residence was included as a random effect. In a separate model, we also considered a wide range of variables that could serve as both confounders and mediators, including lifestyle and medical history (smoking, healthy-eating index [HEI], BMI, physical activity, history of diabetes, and aspirin use). Finally, because a large proportion of the baseline cohort (44%) was excluded, primarily because individuals moved out of the neighborhood or died before 2000, we compared study characteristics between those who were included and those who were excluded. Although the results indicated that the study characteristics appeared largely to be comparable between the excluded and included groups, some differences were noted (Supporting Table 1 ). In addition, sensitivity analyses, in which we used inverse probability weighting to account for the potential impact of exclusions, also were conducted. The results stated also were largely comparable between those who were included and those who were excluded. 22 
RESULTS
Baseline characteristics according to the 4 trajectories of neighborhood SES between 1990 and 2000 are presented in Table 1 . In our cohort, 43% of respondents lived in census tracts with long-term high SES, 43.2% lived in tracts with long-term low SES, 6.9% lived in tracts with decreased SES, and 7% lived in tracts with increased SES. Overall, compared with participants who lived in neighborhoods with long-term high SES, those in neighborhoods with decreased SES reported more current smoking, lower physical activity, and prolonged Cancer February 15, 2019 television watching; those in neighborhoods with increased SES were less likely to have a college degree and more likely to report current smoking, higher BMI, and poor self-reported health; whereas those in neighborhoods with long-term low SES were more likely to be women and non-Hispanic white, and they exhibited a less healthy lifestyle, with more current smoking, lower physical activity, prolonged television watching, less night time sleep, higher BMI, and lower HEI scores.
We observed that, compared with long-term high neighborhood SES, both long-term low neighborhood SES and a decrease in neighborhood SES were associated with a higher risk of CRC ( Table 2 ). The patterns remained after controlling for individual-level sociodemographic factors (age, sex, marital status, education, and race/ethnicity): a decrease in neighborhood SES was associated with a 15% higher risk of CRC (HR, 1.15; 95% CI, 1.02-1.28), whereas long-term low neighborhood SES was associated with a 7% higher risk of CRC (HR, 1.07; 95% CI, 1.00-1.14). In sex-specific analyses, we observed that the relation between a decrease in neighborhood SES and a higher risk of CRC appeared to be stronger among women than among men (women: HR, 1.23; 95% CI, 1.02-1.48; men: HR, 1.10; 95% CI, 0.95-1.26), although the P value for interaction with sex was not statistically significant (P = .794). Next, we further controlled for established risk factors for CRC (ie, colonoscopy or sigmoidoscopy screening, BMI, alcohol use, smoking status, HEI score, physical activity, diabetes status) (Supporting Table 2 ) and observed that the association between the risk of CRC and changes in neighborhood SES remained largely unchanged, especially for sex-specific analysis. However, the results for participants who lived in neighborhoods with longterm low SES were attenuated and became statistically nonsignificant. In addition, very similar results were observed after we adjusted for neighborhood SES in 1990 or used inverse weighting to control for the probability of being excluded from the analytic sample (data not shown).
We also investigated the relation between trajectories of neighborhood SES and CRC by tumor location (Table 3) . Overall, we observed a significant correlation between a decrease in neighborhood SES and a higher incidence of colon cancer (HR, 1.18; 95% CI, 1.04-1.34), and the correlation was stronger among women (women: HR, 1.29; 95% CI, 1.05-1.59; men: HR, 1.12; 95% CI, 0.95-1.31). The results for rectal cancer were largely null, with the exception of long-term low neighborhood SES, which was associated with an increase in rectal cancer risk among men that had borderline statistical significance (HR, 1.14; 95% CI, 0.98-1.32). Finally, because race/ethnicity and location play important roles in neighborhood SES and health, 23, 24 we further examined neighborhood SES conditions across different race/ethnicity groups (Supporting Table 3 ) and different geographic locations (Supporting Table 4 ). In terms of race, both white and nonwhite groups had similar trends. Results for white participants were largely similar to those in the overall population; whereas, among nonwhite participants, these associations appeared to be stronger despite the smaller sample size: compared with the reference group, decreasing SES and long-term low SES were associated with increases of 63% (HR, 1.63; 
DISCUSSION
In a large cohort of middle-aged to elderly US men and women who lived in the same location for at least 10-years, we observed that changes in the SES of the neighborhoods in which they lived were associated with the risk of CRC. Specifically, compared with participants living in neighborhoods with long-term high SES, those living in neighborhoods with consistently low SES or in neighborhoods that experienced a decrease in SES over 10-years had a higher risk of CRC. It is noteworthy that the higher risk associated with decreased neighborhood SES appeared to be stronger among women and for colon cancer.
To our knowledge, the current study is the first to extend the results from previous studies by examining associations between the long-term trajectory of SES and the incidence of CRC. Specifically, we observed that long-term exposure to low levels of neighborhood SES was associated with a higher risk of CRC, which is consistent with previous findings using cross-sectional data from the NIH-AARP Study 2 and the Nurse's Health Study. 8 Although no study to date has examined longterm trajectories of neighborhood SES in relation to CRC, several studies have examined their associations with other health outcomes. Kravitz-Wirtz reported that growing up in neighborhoods characterized by long-term low SES was associated with worse self-rated health. 25 Margerison-Zilko and colleagues reported that long-term high poverty in the neighborhood was associated with higher odds of preterm birth. 26 In addition, Sheehan et al observed that individuals living in census tracts with long-term high poverty had higher odds of being obese and had higher BMI values than those who lived in census tracts with long-term low poverty. 10 Our findings, together with those studies, highlight the potential importance of examining the health risks associated with exposure to long-term low neighborhood SES, which may be stronger predictors of health disparities than single-time measures. 9 Another important contribution of our study is the finding of an association between worsening neighborhood conditions (a decrease in neighborhood SES) over time and a higher risk of CRC. A few studies reported an association between changes in neighborhood conditions and various physical or health outcomes. For example, using data from the Multi-Ethnic Study of Atherosclerosis, Powell-Wiley and colleagues reported that an improvement in neighborhood safety was linked to decreasing BMI for men. 11 Moreover, Zhang et al reported that loss of neighborhood supermarkets was related to worsening glycemic control after examining the data from the Kaiser Permanente Northern California Diabetes Registry. 12 Although the studies mentioned above did not examine the incidence of CRC, their findings suggested that changes in neighborhood conditions may be related to important risk factors for CRC, such as obesity, cardiometabolic health, and diet. 27 Contrary to our original hypothesis, we observed that an increase in neighborhood SES was not associated with a lower risk of CRC. One possible explanation is that, for the participants in our study, the subsequent improvements in neighborhood conditions may have been modest, and the associated benefits may have been relatively small. In other words, more drastic improvements in neighborhoods that have more severe low SES at baseline may lead to larger benefits. Another possibility is that a longer latency period is needed to observe the benefit of neighborhood improvement compared with what is needed to observe the harmful effect associated with deteriorating neighborhood conditions on the risk of CRC. We encourage future studies to examine such possibilities in more diverse populations living in a wider range of neighborhood conditions and with longer follow-up.
Our stratified analysis by sex, race/ethnicity, and region revealed considerable heterogeneity in the association between neighborhood SES trajectories and CRC risk. First, we observed stronger associations in women compared with men. Possible explanations for this sex heterogeneity may be that women are more sensitive to environmental change than men, and they may be more interactive with their neighborhood environment (communication with neighbors, shopping, etc) and hence more likely to be affected by adverse neighborhood factors. 28 Consequently, women may be more vulnerable to stress and depression from exposure to the relatively low neighborhood SES, which might lead to CRC. 29 Second, the associations for nonwhite groups also appeared to be stronger than those for white participants, suggesting that minority groups are particularly vulnerable to health disparities related to long-term low SES and worsening neighborhood conditions. Although no previous studies have examined the relation between neighborhood conditions and CRC specifically in nonwhite populations, our results were consistent with some of the earlier studies that focused on other health outcomes. For example, in studies of patients with kidney disease, the effects of low neighborhood SES on total and cause-specific mortality were stronger in minority groups. [30] [31] [32] In addition, we demonstrated that the associations between neighborhood trajectories and CRC risks can differ by region. Such heterogeneity could be driven by differences in environmental characteristics or different composition of populations across different regions, and it also may reflect variations in Medicare, Medicaid, Temporary Assistance for Needy Families, and other safety-net policies by states. Future studies are needed to pinpoint the sources of heterogeneity to gain a better understanding of the factors that may influence the effects of neighborhood conditions on the risk of CRC.
One unique strength of the current study was our examination of long-term trajectories of exposure to neighborhood environment on the incidence of CRC. Our results appear to suggest that policy makers should consider allocating recourses to help neighborhoods experiencing long-term low SES and neighborhoods with a deteriorating trend in SES. Another strength of our study was the use of longitudinal data with large numbers of participants and neighborhoods. Like many forms of solid cancers, CRC has a relatively long latency period. We were able to benefit from the relatively long follow-up in the NIH-AARP Diet and Health Study, which allowed for a better evaluation of the long-term impacts of neighborhood conditions; although, as mentioned above, even longer follow-up may be needed to study the benefits associated with improving neighborhood conditions.
One limitation of the current study is that the cohort was predominantly Caucasian, and most study participants resided in relatively high SES neighborhoods. Earlier studies have indicated that race/ethnicity plays an important role in modifying cancer disparities and may modify the effects of neighborhood SES or other contextual-level variables on CRC. [31] [32] [33] [34] Consequently, our findings might not be generalizable to other populations, such as those who are nonwhite, younger, or living in relatively lower SES neighborhoods. We encourage future studies to use cohorts with more diverse racial/ethnic and socioeconomic backgrounds to examine the relation between long-term neighborhood trajectories and CRC incidence disparities. Another limitation is that we only had residential addresses at 2 different time points (baseline and 2004) 10 years apart. Therefore, we were not able to distinguish participants who lived in the same neighborhood across the entire 10-year period from those who had moved out of and back into the same neighborhood during this period. The former participants were more likely to experience gradual changes in the neighborhood environment, whereas the latter group may have experienced more sudden and dramatic changes through their moving processes. Our study cannot distinguish between these 2 groups, and future studies with more detailed residential histories are highly encouraged to address this issue. In addition, we did not account for changes in census tract boundaries. Although census tracts are relatively stable, changes in boundaries did occur in a small fraction of tracts. Such changes also may lead to misclassifications of neighborhood trajectories. Meanwhile, we may not have enough time to detect the changes. Because conditions in most neighborhoods tend to be stable over time, and it may take a long lag time for neighborhood effects on CRC to emerge, future studies should require large populations, geographically diverse neighborhoods, and a sufficiently long follow-up. Finally, we lacked information on personal income and individual-level SES indicators other than educational attainment at baseline, so we were unable to assess SES trajectories at the individual level. It would be interesting to assess whether SES experienced at the neighborhood level and the individual level may have an independent effect on the incidence of CRC.
In conclusion, our current findings suggested that residents of neighborhoods with long-term low SES or a decrease in SES may be at greater risk of CRC. We encourage further research to examine the effects of long-term neighborhood SES on the risk of CRC in more diverse populations and to identify the underlying mechanisms.
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